The family Reoviridae is composed of many important pathogens and divided into at least 15 recognized genera. All members of this family are nonenveloped spherical viruses containing 9-12 linear segments of dsRNA genome, which accurately package one copy of each genome segment into one virus particle (King et al., 2011) . Aquareoviruses (AqRVs) constitute several species classified mainly based on their host ranges and RNA : RNA hybridization properties. To date, seven AqRV species (AqRV-A-G) and some unassigned AqRVs have been identified by the International Committee for the Taxonomy of Viruses (King et al., 2011) . The AqRVs infect a variety of aquatic animals, from both fresh-and seawater, including fish, shellfish and molluscs. AqRVs can proliferate in fish cell lines, and produce cell-cell fusion and large syncytia as typical cytopathic effects. Generally, they are of low pathogenicity in breeding aquatics, with the exception of grass carp reovirus (GCRV, a member of AqRV-C), which causes severe haemorrhage and up to 80 % mortality in fingerling and yearling grass carp, and thus has led to great loss to pisciculture in Asia (Fang et al., 1989) . Therefore, GCRV has been recognized as the most pathogenic amongst isolated AqRVs and can serve as a model for studying the molecular basis and pathogenesis of AqRVs.
The AqRV genome is composed of 11 segmented dsRNAs, which encode seven structural proteins (VP1-VP7) and five nonstructural proteins (NS16, NS26, NS31, NS38 and NS80). Based on analyses of the AqRV-C genome and of 3D structure, the properties of the viral structural proteins have been well characterized (Cheng et al., 2008 (Cheng et al., , 2010 Zhang et al., 2010) . The major nonstructural protein NS80, the analogue of the mNS protein in mammalian orthoreoviruses (MRVs) and avian reoviruses (ARVs), which is encoded by the S4 genome segment, has been demonstrated to be involved in viral factory or viral inclusion formation during infection (Cai et al., 2011; Fan et al., 2010) . Recently, we demonstrated that NS80 can recruit the minor core protein VP4 and nonstructural protein NS38 to its inclusions, and the C-terminal domain of NS80 is the primary driving force for inclusion formation . In addition, our recent studies on the nonstructural protein NS16 have proved that the NS16 protein is a fusion-associated small transmembrane (FAST) protein and can induce cell-cell fusion in transfected cells . However, unlike the efficient cell-cell fusion mediated by orthoreovirus FAST proteins (p10, p14 and p15) (Corcoran & Duncan, 2004; Dawe & Duncan, 2002; Shmulevitz & Duncan, 2000) , the fusion activity of AqRV NS16 in transfected cells is relatively weak .
AqRVs have been demonstrated to have a close evolutionary relationship with orthoreoviruses such as MRV and ARV, although they represent different genera in the family Reoviridae (Attoui et al., 2002) . But AqRVs possess one additional dsRNA genome segment compared with the orthoreoviruses, segment S11, which encodes protein NS26 in AqRV-C. The genome characterization and capsid protein analyses showed that the expression product IP: 54.70.40.11
On: Sat, 12 Jan 2019 00:25:49 NS26 of segment 11 is a nonstructural protein, and it was not identified in the purified particles (Attoui et al., 2002; Fang et al., 2005) . Most AqRV-encoded proteins have their homologous proteins in MRVs, but no protein equivalent to NS26 is found in orthoreoviruses. Our previous study has demonstrated that the co-expression of NS26 could enhance the fusogenic activity mediated by the FAST protein NS16 , suggesting that the NS26 protein may have certain functions during AqRV-or NS16-mediated cell-cell fusion. In this study we tried to identify the functional domains or motifs in the NS26 protein that play important roles in the enhancement of NS16-mediated cell-cell fusion.
In order to address whether NS26 increases NS16 expression, cells were cotransfected with plasmids expressing FLAG-NS16 and NS26 or vector control, respectively. Subsequent Western blot (WB) analysis showed that NS26 could obviously increase the expression of NS16 in comparison with the relatively weak band of singly expressed NS16 (Fig. 1a) . To investigate which domain or motif is important for the enhancement, a series of comparisons and predictions were made for the NS26 protein. However, no functional domains or conserved structures could be found except for a putative vacuole-(yeast) or lysosome-(animal) targeting motif (T/I/K)LP(L/K/I) at position 151-154 (TLPK), which was predicted by the PSORT II program (http://psort.hgc.jp/form2.html). To investigate whether the predicted TLPK motif is important for the NS26-mediated enhancement of the NS16 fusogenic activity, the TLPK motif was deleted from NS26, and the expression plasmid encoding the deletion mutant NS26D was constructed. The eukaryotic expression plasmids pcDNA-NS26 and pcDNA-NS16 have been described previously . The expression of the deletion mutant was confirmed by WB analysis using the rabbit anti-NS26 polyclonal antibody (data not shown). Then we tested whether the deletion of the TLPK motif could influence the enhanced efficiency of NS26. CIK cells were cotransfected with plasmids encoding NS26 or NS26D and NS16, fixed at 48 h post-transfection, and stained with Hoechst (Beyotime). The empty vector pcDNA3.1+ was cotransfected as control.
The fusogenic activity was evaluated by determining the mean number of syncytia present in ten random microscope fields at 6100 magnification. The statistical significance was established using the unpaired Student's t-test. As shown in Fig. 1(b) , deletion of the TLPK motif significantly decreased NS26-mediated enhancement of the efficiency of NS16 fusogenic activity, suggesting that this motif is important for NS26 to enhance the NS16 activity. Since NS26 colocalized with NS16 in cotransfected cells , we then investigated whether this deletion affects this colocalization.
Immunofluorescence assays showed that, after deletion of the TLPK motif, the colocalization of NS26 with NS16 was unchanged (Fig. 1c) .
The colocalization of NS26 and NS16 in transfected cells suggested that they may interact with each other. To confirm the interaction between NS26 and NS16 and to determine whether the deletion of the TLPK motif influences their possible interaction and thus affects the enhancement, co-immunoprecipitation (co-IP) assays were performed with plasmids encoding FLAG-NS16, NS26 and NS26D. Plasmids were cotransfected into BHK-21 cells and co-IP/WB analysis was performed with anti-NS26 polyclonal antibody (pAb) and anti-FLAG monoclonal antibody (mAb). The results showed that NS26 was efficiently co-immunoprecipitated with FLAG-NS16 by anti-FLAG mAb, indicating that there is an interaction between the NS26 and NS16 proteins (Fig. 1d) . Moreover, deletion of the TLPK motif in NS26 did not block its interaction with NS16, suggesting that this region is not essential for the interaction (Fig. 1e) . Based on the fact that deletion of the TLPK motif could inhibit the ability of NS26 to enhance NS16 activity, it is conceivable that the NS26 protein might influence the fusion activity of NS16 not only through its interaction with NS16 but also through the auspices of some unidentified host factors.
From multiple sequence alignment of NS26 and its homologous proteins in AqRVs, we noted that the lysine residue K at position 154 in the TLPK motif is the only conserved residue (Fig. 2a) . To evaluate the importance of this conserved K in NS26-mediated enhancement of fusion, site-specific substitutions resulting in K154A, K154R and PK153-154AA were engineered into the NS26 protein.
Expression of these mutants was first confirmed by WB analysis using the anti-NS26 pAb (Fig. 2b) . Syncytiogenesis assay revealed that a single point substitution, K154A, can markedly decrease the enhancement by NS26 of NS16 fusion activity. One more point substitution, PK153-154AA, did not enlarge this decrease (Fig. 2c) . In addition, the substitution with a similar residue, K154R, had relatively less effect on the fusion activity compared with K154A substitution, suggesting that the basic nature of the amino acid residue at position 154 is required for NS26 function (Fig.  2c) . Further immunofluorescence assays showed that these substitutions did not influence the colocalization of NS26 and NS16, similar to deletion of the TLPK motif (Fig. 2d) . To address whether K is the most important residue in the TLPK motif, single point substitutions resulting in T151A, L152A and P153A were constructed. Expression of these mutants was confirmed by WB analysis (data not shown). Syncytiogenesis assay indicated that the enhancement by NS26 of the NS16 fusion activity was reduced the most by the K154A mutation amongst the four mutations (Fig. 2e) . These results suggested that the conserved lysine (K) residue in position 154 is critical for NS26 to enhance the fusogenic activity of NS16.
Lysosomes are acidic, membrane-bound organelles that play important roles in degradation of macromolecules, in acidification of the lysosomal lumen, in transport of amino acids and fatty acids as well as of other nutrients generated by lysosomal hydrolases, and in fusion with other lysosomes as well as endosomes, phagosomes and the plasma membrane (Eskelinen, 2006 (Eskelinen, , 2003 Fukuda, 1991) . Since the above results suggested that the predicted TLPK motif may target NS26 protein to the lysosomes, we then sought to determine if NS26 uses the lysosome to facilitate NS16-mediated cell-cell fusion. We first tested if NS26 colocalized with the lysosomes. As the most abundant lysosomal proteins are lysosome-associated membrane protein 1 (LAMP1) and LAMP2, which share common functions (Eskelinen, 2006 (Eskelinen, , 2003 , we used the rabbit polyclonal antibody against LAMP1 (Abcam) to detect lysosomes. Immunofluorescence assay using antibodies against NS26 and LAMP1 showed that WT NS26 partially colocalized with the lysosomes in singly transfected cells. After deletion of the TLPK motif, NS26 did not colocalize with the lysosomes (Fig. 3a) . Similarly, immunofluorescence assay on cells cotransfected with plasmids encoding NS26 or NS26D and LAMP1-mGFP (Falcó n-Pérez et al., 2005) revealed that native NS26 obviously colocalized with LAMP1-mGFP and deletion of the TLPK motif prevented the colocalization (Fig. 3b) . These results indicated that the TLPK motif is important for NS26 protein to colocalize with the lysosomes.
To investigate the molecular mechanism of the enhancement of NS16 fusion activity by NS26, the possible interaction between NS26 and the lysosome protein LAMP1 was investigated. NS26 expression plasmid was transfected into BHK-21 cells and co-IP assay was performed with anti-NS26 and anti-LAMP1 pAbs. LAMP1 protein was coimmunoprecipitated with NS26 by mouse NS26 pAb (Fig.  3c) . To address whether the TLPK motif deletion could block the interaction and thus influence the colocalization, a plasmid encoding the NS26 deletion mutant was transfected into BHK-21 cells. Subsequent co-IP assay showed that LAMP1 could not be co-immunoprecipitated with the NS26 deletion mutant (Fig. 3c) , indicating that the interaction might be prevented by the deletion. To further confirm the interaction of LAMP1 with NS26, the reciprocal co-IP assays were performed using anti-LAMP1 for IP and anti-NS26 for WB. In this case, NS26 could be coimmunoprecipitated with LAMP1 by anti-LAMP1 antiserum (Fig. 3d) . However, the NS26 deletion mutant could not be co-immunoprecipitated with LAMP1 (Fig. 3d) . Here, we have to point out that the purchased LAMP1 antibody gave a negative signal in Ctenopharyngodon idellus kidney (CIK) cells. So we cannot at present deduce whether NS26 interacts with fish lysosome proteins. Despite this limitation, these results demonstrated that NS26 can interact with the lysosome protein LAMP1, and that the TLPK motif is important for NS26 to interact with the lysosomes.
It has been reported that lysosome proteins may be involved in the fusion of lysosomes with endosomes, phagosomes, plasma membrane or themselves (Fukuda, 1991; Huynh et al., 2007) . Considering that blocking the interaction of NS26 with the lysosome protein also prevented NS26 from enhancing NS16-mediated cell-cell fusion, it is conceivable that NS26 may use the lysosome to facilitate the NS16-mediated fusogenic activity.
In summary, our results indicated that the TLPK motif is important in order for NS26 to enhance the NS16 fusogenic activity, and that the lysosome may be used by NS26 to benefit the cell-cell fusion process. Our preliminary sequence and mutational analyses of the AqRV NS26 protein provide the basis for a working model of AqRVinduced cell-cell fusion. Continued structural and functional analysis of the FAST protein NS16 and its accessory protein NS26 should provide alternative insights into the AqRV-induced syncytiogenesis mechanism.
